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Abstract/Résumé

Muscle hypertrophy is an adaptive response to overload that requires increasing gene transcription and synthesis of muscle-specific proteins resulting in increased protein accumulation. Progressive resistance training (P RT ) is thought to be among the best means for achieving hypertrophy in humans. However, hypertrophy and functional adaptations to P RT in the muscles of humans are often difficult to evaluate because adaptations can take weeks, months, or even years before they become evident, and there is a large variability in response to P RT among humans. In contrast, various animal models have been developed which quickly result in extensive muscle hypertrophy. Several such models allow precise control of the loading parameters and records of muscle activation and performance throughout overload. Scientists using animal models of muscle hypertrophy should be familiar with the advantages and disadvantages of each and thereby choose the model that best addresses their research question. The purposes of this paper are to review animal models currently being used in basic research laboratories, discuss the hypertrophic and functional outcomes as well as applications of these models to aging, and highlight a few mechanisms involved in regulating hypertrophy as a result of applying these animal models to questions in research on aging. L'hypertrophie musculaire est le résultat d'une adaptation à une surcharge et se produit à la suite d'une transcription génétique intensifiée et de la synthèse de protéines musculaires
Introduction
Overload, including progressive resistance training (P RT ), has long been used to improve muscle mass and strength in humans and in animal models of hypertrophy. While the hypertrophic and functional outcomes of P RT have been described in human studies, much of the data used in deriving the underlying mechanisms of muscle hypertrophy are drawn from studies on laboratory animals. Several animal models for inducing muscle hypertrophy have been used and some, but not all, produce outcomes similar to those of P RT in humans. In this review we describe four general types of animal models that have been shown to be effective in inducing muscle hypertrophy, and which have been adopted for aspects of understanding the effects of aging on muscle hypertrophy.
Advantages for Using Animals Models of Hypertrophy
Various animal models including birds, rodents, and horses have been developed to complement human studies of skeletal muscle hypertrophy. The specific control of loading parameters and muscle activation are more readily achieved in adult and aged animal models than in humans. Moreover, environmental conditions and nutritional intake can be accurately regulated in laboratory animals, while activity level is manipulated and monitored. Animals used in laboratory studies have a much more homogenous gene pool than human subjects, and the studies can be completely randomized whereas this is difficult to do in humans. Various strains of laboratory animals with different survival and pathological characteristics (Lipman et al., 1996) can also be used, offering a wide selection for research on hypertrophy and aging. These factors increase the sensitivity and reproducibility of the experimental outcomes. The accessibility of knockout and transgenic animals also allows the study of specific genes and proteins in skeletal muscle hypertrophy.
Another invaluable benefit of animal models is the amount of muscle tissue that can be harvested compared to human biopsies. At the end of the training period, whole muscles can be dissected and studied extensively in animal models.
Muscles with various muscle fibre types and functions (e.g., postural vs. locomotive) can be studied in animal models of hypertrophy. In contrast, biopsies in humans are often limited to the most accessible muscles such as the vastus lateralis, deltoid, or biceps brachii, and the tissue sample may not fully represent the changes that occur during an overload intervention.
Moreover, regional hypertrophy can be studied by accessing the whole muscle from an animal, which is practically impossible in humans even with multiple biopsies. This is because fibre type characteristics may differ from one biopsy to the next even within the same muscle of one individual (Elder et al., 1982) ; thus even four or five biopsies may not fully represent the adaptations that occur throughout the entire muscle. Furthermore, a greater range of experimental manipulations can be performed in animal models, such as pharmacological and surgical interventions or gene manipulations prior to overload training, and these are not feasible in human subjects. On the other hand, the tight experimental control (increased internal validity) may compromise external validity and therefore the relevance of these models to humans. Consequently, scientists using animal models should be familiar with the advantages and disadvantages of each and select the best model to address their research question.
Importance of Animal Models
Why is it important to utilize animal models of hypertrophy to study adaptations in aging muscle? The mechanisms and cell signaling pathways responsible for muscle hypertrophy are complex, and this has proven to be an even greater problem in aging. Without understanding the mechanisms that limit muscle growth in aging, we could never expect to design fully comprehensive intervention programs capable of offsetting or delaying aging-induced performance decrements. This is important because frailty in the healthy elderly has become a widespread problem central to the care of geriatric populations (Cohen, 2000) and will eventually affect everyone. Frailty causes impaired mobility and an increased susceptibility to muscle injury (Faulkner et al., 1995) especially from falls (Tinetti, 2001 (Tinetti, , 2003 Tinetti and Williams, 1998) . This leads to a decrease in the quality of life (Baumgartner, 2000) and an increase in the cost of health care (Rizzo et al., 1998) .
The major factor contributing to frailty is an age-associated loss of muscle mass and function (Evans, 1997; Evans and Campbell, 1993) , which has been termed sarcopenia (Evans, 1995) . All elderly people show evidence of sarcopenia and loss of function (Melton et al., 2000) , particularly after the 7th decade of life (Dutta et al., 1997; Lexell, 1995; Lexell et al., 1988) , with ~40% decline in muscle mass by the age of 80 (Lexell, 1995) . The severity of age-associated loss of muscle mass and function leads to falls, decreases independence and quality of life, and increases mortality (Melton et al., 2000; Metter et al., 2002; Rizzo et al., 1998; Roubenoff and Harris, 1997; Tinetti, 2001; Tinetti and Williams, 1998) . Typically, aging also increases the severity of most human dystrophies and other myopathies so that the cycle of degeneration and regeneration begins to favor the former.
Overload is an important component for offsetting muscle loss with aging. Partial restoration of muscle mass and function can be achieved through chronic exercise programs (Ferketich et al., 1998; Foster-Burns, 1999; Hurley and Roth, 2000; Roth et al., 2000) . Exercise from youth may be an advantage but not a pre-requisite to offsetting sarcopenia, because starting exercise (especially resistance exercise) at an older age is still effective in building muscle (Dionne et al., 2004; Ferketich et al., 1998; Foster-Burns, 1999; Frontera et al., 2000; Hughes et al., 2002; Roman et al., 1993) and increasing strength and energy (Evans, 1996; Hunter et al., 2000) .
Using appropriate animal models will help us sift through the molecular black boxes of skeletal muscle genes so we can refine our searches to determine the mechanisms for these limitations and develop strategies to offset these limitations in subsequent studies in humans. The physiological, cellular, and molecular mechanisms of muscle hypertrophy have been reviewed previously (Booth et al., 2002; Carson, 1997; Carson and Wei, 2000; Goldspink, 1964; Houston, 1999; Klitgaard, 1988) . However, there is very little understanding of the mechanisms contributing to aging-associated differences in hypertrophic adaptations to muscle loading. But information gathered from several animal models has helped identify some of the underlying mechanisms that contribute to muscle hypertrophy in aging; examples of these mechanisms are briefly described in this review.
Animal Models of Muscle Hypertrophy
Resistance training of conscious and unconscious animals is believed to be the most applicable to humans, due to similarities in the time course and the degree of hypertrophy and other cellular responses as well as in training variables (Lowe and Alway, 2002; Timson, 1990; Wong and Booth, 1988) . Moreover, some models allow the precise manipulation of contraction types so that the specific adaptations to concentric, eccentric, and isometric muscle actions can be studied . Unlike other models, training parameters such as exercise type and intensity as well as rest intervals can also be controlled similarly to human conditions, providing an experimental approach for understanding the regulation of skeletal muscle enlargement (Cutlip et al., 1997; Haddad and Adams, 2002; Nader and Esser, 2001; Booth, 1990a, 1990b) .
Data from various animal models have made important contributions to our understanding of several mechanisms responsible for loading-induced muscle hypertrophy. For example, it is known that activation and proliferation of satellite cells to add new nuclei is critical for inducing muscle growth and remodeling because the inhibition of satellite cell proliferation largely prevents muscle hypertrophy during overload Lowe and Alway, 1999b; Rosenblatt et al., 1994) . Satellite cell activation is associated with increases in cyclin D1 (a cell cycle marker) and an increase in muscle DNA content (Adams et al., 1999) . Hepatocyte growth factor (HGF) and insulin-like growth factor (IGF-I) are two important activators of satellite cells both in vivo and in vitro (Adams et al., 1999; Anderson and Wozniak, 2004; Machida and Booth, 2004; Sheehan et al., 2000; Tatsumi et al., 1998) . The inhibition of mitogen-activated protein kinase (MAPK)/ extracellular signal-regulated kinase (ERK) with the inhibitor PD-098059 has been shown to reduce the phosphorylation of ERK and prevent IGF-I associated muscle hypertrophy . Myogenin and p21, markers of cellular differentiation, have been reported to increase after just 12 hrs of increased muscle loading in rats (Adams et al., 1999) . Together these data show that several signal-ing pathways are important for regulating the complex processes resulting in satellite cell recruitment and differentiation in muscle hypertrophy.
RESISTANCE TRAINING IN OPERANTLY CONDITIONED ANIMALS
Various resistance-training devices have been designed for small laboratory animals (mice, rats, hamsters, and cats) to study voluntary activity and induce hypertrophy in the forelimb muscles (Gonyea and Ericson, 1976) , while hindlimb training can mimic squat and plantarflexion exercises in humans (Tamaki et al., 1992; Wirth et al., 2003) . Generally animals are operantly conditioned to respond to a stimulus (e.g., light, shock) and are rewarded with food when they complete a lifting task (Figure 1 ). In addition, resisted running (Ishihara et al., 1998) and climbing (Duncan et al., 1998; Hornberger and Farrar, 2004; Yarasheski et al., 1990) exercises have proven effective for increasing skeletal muscle mass. The more sophisticated devices allow for the measurement of various biomechanical param- Figure 1 . One weightlifting rat model, where the rat is operantly conditioned to climb inside a plexiglass tube and put its nose through a hollow donut. The rat plantarflexes and the donut is pushed up toward a light. After making contact with a breaker, a food pellet is released. The rat leaves the tube, eats the pellet, and returns to the tube for the next repetition. Resistance is added to a weight pan. Rats can be trained to perform multiple lifts, i.e., a set of 10 reps, before the food reward is given. Force plate and potentiometer records interfaced to a computer records foot forces for each lift and number of lifts in each session
Nose cone (donut)
Weight pan
Force plate and potentiometer eters, such as force, power, and velocity in real time, to shed light on functional performance and thus define the influence of these factors on muscle adaptation (Wirth et al., 2003) .
Resistance training effectively increases skeletal muscle mass of various species such as rats (Hornberger and Farrar, 2004; Ishihara et al., 1998; Klitgaard, 1998; Tamaki et al., 1997; Wirth et al., 2003; Yarasheski et al., 1990) , cats (Giddings and Gonyea, 1992; Gonyea and Bonde-Petersen, 1978; Gonyea and Ericson, 1976; Gonyea and Sale, 1982; Gonyea et al., 1986; Mikesky et al., 1991) , and ponies (Heck et al., 1996) . The models permit study of different overloaded muscles. For example rectus femoris (Yarasheski et al., 1990) , plantaris (Ishihara et al., 1998; Tamaki et al., 1992) , gastrocnemius (Tamaki et al., 1992; Wirth et al., 2003) , soleus (Klitgaard, 1988) , and flexor hallucis longus (Hornberger and Farrar, 2004) have been studied in rats. Some models have included a combination of endurance activity such as voluntary running on a treadmill with the animals carrying additional resistance or voluntary run training in rodents, with loaded running wheels (Ishihara et al., 1998) .
In general, increases in muscle mass (based mostly on muscle wet weights) range from 8 to more than 30% depending on the muscle examined and the mode of data representation (Table 1) . Muscle fibre number increases (Gonyea and Ericson, 1976; Tamaki et al., 1992) or does not change (Roy et al., 1997) , while fibre diameter (Ishihara et al., 1998; Yarasheski et al., 1990) and protein content (Hornberger and Farrar, 2004) increase, indicating true changes in muscle mass and not just a shift in fluid to the muscles. Satellite cells are activated and myogenic regulatory factors (MRF) are expressed at high levels in myonuclei and activated satellite cells to induce new fibres and/or fibre hypertrophy as part of muscle adaptations to weightlifting (Giddings et al., 1985; Tamaki et al., 1992; .
Advantages. Training in operantly conditioned animals utilizes motor unit recruitment patterns, which are submaximal in nature (Wirth et al., 2003) and similar to human activity. Therefore these models closely simulate the neural activation patterns and central drive of conscious human training programs, which results in both neural and muscular adaptations to loading. Large animals (ponies, horses) are natural athletes that do not need the external motivation that is required to resistance-train smaller animals such as rats and mice. They can be trained to carry increasingly heavier weights and participate in a progressive resistance-training program (Heck et al., 1996) . Ponies and horses perform training without reinforcement and have morphological adaptations similar to humans. Moreover, the animal's large muscles supply adequate tissue samples without the need to sacrifice the animal.
Disadvantages/Limitations. Voluntary training requires operant conditioning, which calls for the use of either positive or negative reinforcements and leads to large intersubject variability compared to involuntary protocols (Wirth et al., 2003) . Food reward and deprivation have been employed for motivational purposes, but this makes it more difficult to control the caloric intake between control and experimental animals. Food deprivation leads to caloric restriction, which may interfere with experimental manipulations. To circumvent this problem, muscle mass is frequently expressed as a ratio to body weight, but raises the question as to whether true hypertrophy has occurred as a result of the intervention or simply that Data reported or calculated from the published data.
the body weight growth of the animal was affected by caloric restriction. Hornberger and Farrar (2004) used both pair-weighted and ad-libitum-fed control and experimental rats in their resistance-training studies and showed a 23 and 37% enlargement of the wet weight of the flexor hallucis longus muscle, respectively, along with increased protein content of the muscle. In addition, the load carried by the rats and the maximal tetanic tension of the trained muscles increased as a result of the training protocol, which shows that there were changes in functional performance. Thus, with careful control of the experimental conditions, some models can unequivocally affect muscle size independent of changes in body weight. Some researchers use an electrical shock to promote lifting in the animals, but this may cause a systemic stress including hormonal responses, which may interfere with or alter the extent of skeletal muscle hypertrophy.
Another drawback of some models, especially the hindlimb training modes, is that the training is bilateral and thus the experimental muscles must be compared to muscles from control, sedentary animals. This requires using twice the number of animals than are used in unilateral training models and raises the confounding factor of interindividual variability by making comparison between two separate groups of animals. Moreover, due to the reinforcement employed in these models, an additional nonexercised group that participates only in the coercing treatment method (e.g., electrical shock) may be needed so that the true exercise effects can be separated from the potentially confounding factors. This can be a considerable issue in research on aging, since the availability is much lower and the cost of an old animal may be tenfold that of a younger adult animal. An additional control group increases the labor burden of the study, which is already higher than for intra-animal control models. Finally, operantly conditioning and training the animals requires an extensive commitment of time from the researcher for several months or even years before hypertrophic adaptations are shown.
Another potential limitation is that it may be difficult to truly delineate the acute effects of an intervention due to the prerequisite conditioning period, which can be a significant issue in the analysis of cellular mechanisms of muscle hypertrophy. It has been demonstrated that the acute increase in p70 S6K correlates with the change in muscle mass after 6 weeks of resistance training , and it appears that the accumulation of acute changes in p70 S6K over time may play a role in muscle enlargement . Therefore, studying the immediate responses to overload can help us identify the underlying cellular mechanism of hypertrophy. Tamaki et al. (2000) also showed a differential effect of a single bout of weightlifting exercise on myogenic markers in young and old rats, which may explain the attenuated hypertrophic responses seen in old animals (Blough and Linderman, 2000; and supports the importance of studying both short-term and long-term mechanisms to help us understand skeletal muscle enlargement.
Since the training effort invested by the animals is related to their motivation, it is not possible to determine the maximal weight that can be voluntarily lifted by the animal; therefore the researcher may not be able collect enough information about functional performance (Timson, 1990) . Resistance training in large mammals (ponies, horses) has distinct advantages over training models in rodents or cats. However, large animals are more costly, requiring specialized equipment 
Compensatory Overload
Unilateral overload, contralateral control muscle.
Chronic overload does not closely mimic intermittent P RT . Potential for surgical
Low researcher time investment post-surgery.
complications (infection, edema, inflammation). Edema may contribute to
Large and rapid hypertrophic responses. muscle mass especially in first week. Some mechanisms regulating muscle mass changes may be similar but it is unknown if others could be dissimilar to P RT .
Chronic Stretch
Unilateral overload, contralateral control muscle. It is unknown if chronic overload will invoke different mechanisms to regulate Nonsurgical, can study early gene responses.
muscle mass than intermittent overload (i.e., P RT ).
Powerful stimulus, very large and rapid hypertrophic responses. Some mechanisms regulating stretch changes in non-mammals may differ
Study new fibre formation (hyperplasia).
from those in mammals.
Intermittent Stretch
Responses from intermittent stretch protocols may be more similar to It is unknown if all the mechanisms for adaptation are similar to P RT .
P RT than chronic stretch. Stretch is a powerful stimulus, with muscle Some mechanisms regulating stretch changes in non-mammals may differ mass changes in intermittent stretch exceeding those of chronic stretch.
and space, more labor and care from the researcher, and more laboratory personnel to conduct the experiments as compared to smaller animals ( Table 2) .
RESISTANCE TRAINING USING ELECTRICAL STIMULATION
Electrical stimulation of the muscles, either directly (Wong and Booth, 1988) or via a connecting nerve Cutlip et al., 1997) , allows the precise control of loading parameters and contraction types, which is not possible in exercising humans or animals ( Figure 2 ). This provides an excellent means of studying both acute and chronic responses of various stimulation protocols and contraction types in muscle. This model may partly replicate human exercise models and improve the potential for understanding the physiological stimuli and cellular signals that ultimately regulate skeletal muscle hypertrophy Haddad and Adams, 2002; Nader and Esser, 2001; Wong and Booth, 1988 , 1990a , 1990b . Chronic resistance training stimulates muscle growth, as evidenced by enlarged muscle weights from 14 to 30% (Table 1) depending on the muscle examined and on the actual exercise protocol. In agreement with these data, a recent study from our laboratory using electrical activation of the common peroneal nerve resulted in a 17% increase in muscle wet weight of the tibialis anterior compared to the contralateral control side in 3-month-old rats following 14 resistance training sessions (Murlasits et al., 2004) . Experimental model to illustrate electrical stimulation for dorsiflexor muscles in rats. The rat is held under anaesthesia, the leg is clamped and the foot is placed on a footplate. A dynamometer attached to the footplate controls the force and velocity of each contraction. Electrical wires are inserted at the head of the fibula to stimulate the common peroneal nerve, which activates the dorsiflexor muscles. The contralateral limb serves as the intra-animal control. Rates of contraction, force, and rest interval duty cycles are measured and controlled via computer. Haddad and Adams (2002) examined cell signaling using two consecutive bouts of electrical stimulation resistance exercise spaced either 24 or 48 hrs apart. They showed that the 70-kDa ribosomal protein S6 kinase (p70 S6K ) phosphorylation increased 5.5-to 6.3-fold. Furthermore, a single bout of resistance exercise has been shown to significantly increase p70 S6K phosphorylation at 3 and 6 hrs postexercise (Nader and Esser, 2001) . A single bout of resistance exercise stimulated a significant increase in ERK2 phosphorylation at 3 to 12 hrs post electrically activated resistance exercise Nader and Esser, 2001 ), whereas two bouts of resistance exercise appears to prolong the elevation of ERK2 phosphorylation . Together, these results demonstrate that intracellular signaling pathways, which have been reported to be associated with hypertrophy, are responsive to acute bouts of electrically activated muscle loading and thus may represent important signaling proteins for hypertrophic responses in muscle.
Advantages. Isometric, concentric, and eccentric performance can be studied in real time, with programmable ranges of motion, acceleration, velocity, and exposure duration (Cutlip et al., 1997) . The loading conditions are also independent of the animal's motivation, while muscle stimulation directly or indirectly (through a peripheral nerve) allows for study of the involvement of the neuromuscular system in muscle adaptation. Therefore, this animal model is excellent for studying non-neural (i.e., peripheral) adaptations because cellular and morphological adaptations are similar to human P RT adaptations. Furthermore, the unilateral model permits comparisons between the experimental muscles and contralateral control muscles in the same animal, which controls for stress, hormonal and nutritional factors, and number of animals studied (vs. a separate control group).
Disadvantages/Limitations. The activation patterns of this model do not replicate muscle unit recruitment and central drive of conscious human P RT because electrically activating the muscles bypasses the central nervous system and all muscle fibres are maximally activated. One possible confounding factor of this model is the repeated anaesthesia required, which may be even more prominent in old animals since they may be less tolerant to this intervention. In addition, supramaximal activation causes greater damage in old muscles compared to young ones, resulting in longer recovery times (McArdle et al., 2004) and thus slower if any hypertrophic adaptations. The effects of the antidromic flow of electrical current from the needle electrodes to the alpha motor neurons in the spinal cord are unknown ( Table 2) .
Applications of Resistance Training to Research on Aging. Klitgaard et al. (1989) demonstrated that resistance exercise in aging rats was an effective countermeasure against age related muscle atrophy and altered fibre type distribution. However, data from our laboratory and others indicates that aging suppresses hypertrophy and maximal tetanic force production (P o ) in operantly conditioned and electrical stimulation rodent models of hypertrophy Degens et al., 1993; Murlasits et al., 2004; Thompson, 2002; Thompson and Brown, 1999) . Elegant studies by Lowe et al. (2001; have shown that aging alters myosin cross-bridge kinetics; however, it is not known whether the binding characteristics of myosin are improved in overloaded muscles from rat models of hypertrophy. Hypertrophy may be unable to alter muscle-spe-cific tension with overload in aging (Degens et al., 1995a) , and presumably this is affected by the muscle's myosin binding characteristics. Tamaki et al. (2000) have shown that the expected increase in MRF expression in myonuclei and satellite cells is attenuated in old rats undergoing resistance exercise as compared to young adult rats. This might help explain the lower hypertrophy response found in muscles of old animals as compared to young animals after voluntary weightlifting exercise.
It has been demonstrated that translational signaling pathways and initiation factors respond to acute skeletal muscle contractions and likely play a significant role in chronic hypertrophy Haddad and Adams, 2002; Parkington et al., 2003) . Because the regulation of these components is altered with aging (Kimball et al., 1992; Parkington et al., 2004) , it is feasible that the attenuated hypertrophic responses in old animals can be explained in part by translational mechanisms. Moreover, these pathways seem to respond similarly in human muscles (Williamson et al., 2003) , which indicates the relevance of operant conditioning and electrical stimulation models in the study of muscle hypertrophy. In addition, in high frequency electrical stimulation it has been shown that mammalian target of rapamycin (mTOR) and ERK signaling remains intact, but the magnitude of the response is dramatically reduced as compared to young adult animals (Parkington et al., 2004) .
Older rats had an equivalent response of mTOR and p70 S6K immediately after electrically invoked muscle contraction, although the fold-change in kinase phosphorylation was smaller than previously reported in adult animals Parkington et al., 2003; . Also, the delayed activation of mTOR and p70 S6K at 6 hrs after muscle activation was three to four times lower than previously observed in adult animals Parkington et al., 2003; . Interestingly, the basal phosphorylation (activation) level of both mTOR and p70 S6K was elevated in old rats in a muscle-specific manner (Parkington et al., 2004) . Kimball et al. (2004) demonstrated that increased basal phosphorylation was accompanied by an elevated rate of protein synthesis, which may represent an attempt to maintain skeletal muscle mass with aging. However, it is likely that while basal activity of these signaling pathways is elevated as a futile defense mechanism against sarcopenia, the response to resistance training remains suppressed in old animals, similar to human subjects (Williamson et al., 2003) .
We have also shown in our laboratory that while eIF2α phosphorylation decreased in young rats with resistance training-induced hypertrophy, there was no significant change in 30-month-old animals that also responded with attenuated hypertrophy (Murlasits et al., 2004) . In addition, ERK signaling was induced briefly by electrically evoked contractile activity in aged animals, but the response was 3.5-5 times lower than that seen in adult animals. Together these data suggest that signaling associated with both satellite cell activation and the mTOR/ERK pathways are attenuated by aging in electrically stimulated muscle contractions, and these presumably have a role in explaining the lower accumulation of muscle mass in response to electrically stimulated contractions or other types of overload in older animals. However, the interactions among these or other unidentified pathways have not been clearly elucidated and require further study (Table 3) .
Advantages. The advantages of electrically stimulated contractions are similar to those listed above for training in young adult animals including voluntary and approximately similar activation and neural recruitment patterns as expected in human P RT . However, food restriction is frequently used to encourage training, and this may affect the outcome of research on aging because caloric restriction has been shown to reduce oxidative stress, decrease apoptosis, improve longevity, and affect skeletal muscle in rats (Dirks and Leeuwenburgh, 2004; Heilbronn and Ravussin, 2003; Koubova and Guarente, 2003; Weinert and Timiras, 2003) .
Disadvantages/Limitations. The shortcomings of the operantly conditioned animal training models may be even more pronounced in old animals. For example, motivation and willingness to perform the required tasks may be diminished in aged animals. Thus the training stimulus may be lower in old animals compared to young animals because this is dependent on the training effort. Supporting this idea, late middle-aged rats have been shown to perform 34% less voluntary physical activity as compared to younger animals (Hepple et al., 2004) . The reduced motivation of the old animals would require additional reinforcing stimuli, and since food restriction and electrical shock treatments may affect old animals to a greater extent than younger ones, the comparison between these age groups becomes more complicated (Table 2) .
Compensatory Overload. The compensatory hypertrophy model has been used for more than four decades (reviewed in Lowe and Alway, 2002; Timson, 1990) . This model is attractive because it provides a large and fast hypertrophic response with a low time investment postsurgery from the researcher. Compensatory overload of a muscle is achieved by inactivating or removing its synergists, so that the remaining muscle(s) is overloaded during the animal's locomotion Sakuma et al., 1998) . Synergist muscles have been inactivated by tenotomy, synergist ablation, or synergist denervation. 
Note: Directional changes of muscles from old animals vs. young adult (YA) animals: → Not different from YA; ↑Significantly different from YA; ↓Significantly lower than YA. ? = data not determined. C = Control; H = Hypertrophied.
Tenotomy, the process of severing the distal tendon of synergist muscles, has been used to study hypertrophy of rat plantaris and soleus muscles. For example, tenotomy of the gastrocnemius muscle results in a rapid weight gain in the plantaris and soleus after surgery (Castle and Reyman, 1984; Goldberg et al., 1975; Mackova and Hnik, 1971; Maltin et al., 1987; Pehme et al., 2004) . There is ã 30% increase in muscle wet weight compared to control 7 days postsurgery, but muscle mass is reduced 9-15% at 2-3 weeks postsurgery (Timson, 1990) . This suggests that the large initial hypertrophic response may be due to tissue inflammation/edema rather than to true contractile expansion (hypertrophy).
Synergist ablation of gastrocnemius and soleus muscles overloads the plantaris muscle Baldwin et al., 1982) . There are two distinct phases of compensatory muscle enlargement due to surgical ablation. The first is an immediate short-term inflammatory response of the muscles to the removal of synergists (Armstrong and Ianuzzo, 1997; Armstrong et al., 1979) . The second phase is a slower long-term response whereby the muscle responds to increased functional demands imposed on it due to the removal of synergistic muscles. Immediately following the ablation surgery, there is a significant increase in the overloaded plantaris wet weight as early as 1 hr following surgery, with 96% of the increase resulting from increased water content (Armstrong et al., 1979) . There is a steady rise in muscle wet weight, so that by 24 hrs the experimental muscle is 34% heavier than the contralateral control muscle. However, increased water content accounts for ~91% of the weight gain (Armstrong et al., 1979) . Inflammation peaks between 1-5 days postsurgery and appears to be due to surgical trauma rather than to increased stretch imposed on the muscle (Armstrong et al., 1979) .
Muscle edema is minimized and contractile hypertrophy is measurable within 2 weeks after the appropriate ablation surgery in overloaded plantaris, soleus, or extensor digitorium longus muscles (Adams et al., 1999; Gollnick et al., 1981) . The degree of muscle hypertrophy is due at least in part to the activity of the animal, because more active animals such as mice show greater hypertrophy from synergist ablation than less active animals such as cats, and increasing activity (i.e., running rodents on treadmills) after ablation surgery increases muscle hypertrophy (Chalmers et al., 1992; Ishihara et al., 1998; Roy and Edgerton, 1995; Roy et al., 1992) . The hypertrophic responses vary depending on the fibre type of the muscle and the degree to which it is activated.
Enlargement of skeletal muscle through synergist ablation of synergists occurs primarily through enlargement of existing fibres rather than by adding new muscle fibres (Table 1) . Overloaded muscles produce more maximal tetanic force (P o ) and have increased twitch durations and lower shortening velocities than control muscles . Increases in muscle mass are mediated through activation of satellite cells (Rosenblatt and Parry, 1992; Rosenblatt et al., 1994; Salleo et al., 1983) . Myogenic regulator transcription factors (MRF) MyoD and myogenin have been detected in slow and fast muscles subjected to surgical ablation-induced compensatory overload (Adams et al., 1999; Mozdiak et al., 1998) . MRFs have been identified in myonuclei located inside the dystrophin-positive plasma membrane of myofibers, m-cadherin-positive satellite cell nuclei, and nuclei located in the interstitial spaces between myofibers about 1-7 days after the surgery to induce compensatory hypertrophy (Ishido et al., 2004) . Entry of satel-lite cells into the cell cycle was indicated by the expression of proliferating cellular nuclear antigen (PCNA) on Day 3 postsurgery, and withdrawal from the cell cycle was observed by the expression of p21 in satellite cell nuclei on Day 5 postsurgery (Ishido et al., 2004) . This suggests that before the end of the first week of overload, some activated satellite cells differentiated and fused with existing muscle fibres to support hypertrophy.
These results indicate that proliferated satellite cell-derived myoblasts and/ or other undefined myogenic cells located in the interstitial spaces may contribute to an increase in myonuclear number and/or hyperplasia. Furthermore, myonuclei, satellite cells, and undefined myogenic cells all express MyoD and myogenin proteins during compensatory hypertrophy (Ishido et al., 2004) . This suggest that continual expression of MyoD and myogenin proteins in these cells is an important part of the molecular signaling cascade, which induces hypertrophy of skeletal muscles in response to compensatory overload.
Synergist denervation typically involves sectioning the branches of the tibial nerve that innervates the medial and lateral gastrocnemius and soleus muscles. Briefly, the distal branches of the tibial nerve are cut and sutured to an inappropriate muscle to prevent the reattachment of the tibial nerve to the plantaris muscle (Binkhorst, 1969; Degens et al., 1993) . The soleus also becomes denervated, because the branch of the tibial nerve that innervates this muscle branches from the nerve that innervates the lateral gastrocnemius (Binkhorst, 1969) . The contralateral leg serves as an internal control. Hypertrophy is not evident until about 10 days postsurgery (Degens et al., 1995b) . Muscle enlargement ranges from 16% at 2 weeks to ~32-40% at 5-6 weeks (Alway et al., 2002a; Degens et al., 1992; . This is accompanied by a ~1,100 and 430% increase in myogenin and MyoD, respectively (Alway et al., 2002a) .
Hypertrophy induced by synergist denervation results in normal specific tension and the elevated vascular endothelial growth factor (VEGF) expression after 2 weeks of overload by synergist denervation . This indicates an absence of or minimal muscle damage at this early time point (otherwise specific tension would be reduced) and suggests that elevated VEGF expression precedes and is involved in capillary proliferation which occurs during the later stages of compensatory hypertrophy .
Advantages. A major advantage of compensatory overload models is that there is a large and rapid increase in hypertrophy compared to models of P RT , which are commonly used in human studies. However, once steady state is achieved, the model of compensatory hypertrophy is similar to P RT in humans (Gollnick et al., 1981; Timson, 1990) . Because skeletal muscle is a postmitotic tissue, its remodeling and regeneration requires the activation and proliferation of satellite cells and their fusion into existing myofibrils. Compared to progressive resistance training, compensatory hypertrophy readily allows for the study of satellite cells. Because the adaptive response with P RT is much slower than the response seen with compensatory hypertrophy, it may be difficult to find activated satellite cells, since they represent only 5% of the total muscle nuclei in muscles of young animals and the number of satellite cells decreases with aging Schultz, 1982, 1983; Winchester and Gonyea, 1992) . The advantages of compensatory hypertrophy become more apparent when considering that the mass and maximal tetanic force of control muscles decline by approx. 30% between 9 and 26 months in aged rats undergoing synergist denervation . The advantages of using synergist denervation over tenotomy or surgical ablation are that there are fewer traumas induced from the surgery and recovery is faster (H. Degens, personal communication, October 1999) .
Disadvantages/Limitations. Compensatory hypertrophy is not a good model for studying the initial adaptations to human P RT because the inflammatory response masks the hypertrophic response during the early part of compensatory overload. Armstrong et al. (1979) have illustrated that even with the sham operations used as controls in the surgical ablation models, there are elevated markers of inflammation due to surgery related trauma. The extent of surgically induced edema, however, appears minimized in denervation-induced hypertrophy. One major problem with tenotomy is that the distal tendon often reattaches to the remaining musculature around 2 weeks later (Lowe and Alway, 2002; Timson, 1990) . If the tendons of the synergists are permitted to reattach, the synergists will share the load with the experimental muscle (reducing the overload of that muscle) and minimize the compensatory hypertrophy. Surgical ablation was established to prevent tendon reattachment and to guarantee overload throughout the experimental period.
Applications of Compensatory Hypertrophy to Research on Aging. P RT training in elderly humans is an excellent means for increasing skeletal muscle mass and force-generating capacity (Frontera et al., 1990; Roman et al., 1993; Welle et al., 1996) . Compensatory overload has been used in order to identify mechanisms associated with hypertrophic adaptations in aging muscles. There is evidence from these models that aged skeletal muscles exhibit decreased plasticity, as reflected by a slower and attenuated response to chronic electrical stimulation (Walters et al., 1991) and attenuated hypertrophy (Blough and Linderman, 2000) , although other studies show a maintained hypertrophic response (Degens et al., 1993; Linderman and Blough, 2002; Pettigrew and Nobel, 1991; Tomanek and Woo, 1970) .
Part of the differing hypertrophic responses in skeletal muscle at advanced age might be related to the age of the animals in the old group and the loading conditions of the experimental muscle. For example, bilateral ablation of the gastrocnemius muscle in old rats produced no hypertrophy of the plantaris muscles (Linderman and Blough, 2002) , whereas younger "old" rats that were overloaded by denervation of the gastrocnemius and soleus muscles showed little hypertrophic suppression as compared to young adult rats (Degens et al., 1993) . The significant changes associated with the inability of the older rodent muscles to respond to compensatory overload included the considerably lower expression of the local IGF-I splice variant mechano growth factor (MGF), and the failure to up-regulate IGF-1 receptor and MyoD mRNA (Owino et al., 2001) . Lower MGF expression has also been shown after resistance exercise in older humans as compared with younger subjects (Hameed et al., 2003) . The mRNA levels of MyoD and myogenin were ~275-650% and ~500-1,100% (both p < 0.001) greater, respectively, in hypertrophied plantaris muscles (induced via denervation of synergist muscles) from aged compared with young adults (Alway et al., 2002b ).
An aging-induced basal elevation in MRF has also been shown by other researchers (Dedkov et al., 2003; Musaro et al., 1995) . In contrast to mRNA levels, the MRF protein levels were lower in plantaris and gastrocnemius muscles of aged vs. young adult rats (Alway et al., 2002a; 2002b) . Inhibitor of differentiation-2 (Id2) repressor mRNA levels were approx. 300-900% greater in fast and slow muscles of aged animals (Alway et al., 2002a; 2002b) . These data obtained from compensatory hypertrophy models suggest that attenuated protein expression levels of IGFs and MRFs along with enhanced levels of Id2 (a repressor to MRF proteins) may be partly responsible for reduced satellite cell activation and differentiation in response to overload in aging animals. Nevertheless, we cannot rule out the possibility that cytokines from activated skeletal muscle might play a role in muscle remodeling because eccentric loading (presumably part of the stimulus involved in surgically induced overload leading to some degree of muscle damage) has been suggested to result in elevations in markers such as Interleukin-6 (Shephard, 2002) . Although muscle damage may play some role in activation of satellite cells via cytokines or other means, it is not a particularly good indicator of the extent of expected muscle hypertrophy (Komulainen et al., 2000) .
Advantages. The greatest advantage of compensatory overload models in research on aging is that the researcher can expect large and rapid changes in hypertrophy, especially in muscles of young animals. The advantages of compensatory hypertrophy become more apparent when considering that the mass and maximal tetanic force of control muscles decline by approximately 30% between 9 and 26 months in aged rats undergoing synergist denervation . This increases the likelihood of detecting cellular and molecular signals responsible for adaptations, and detecting differences in responses between young adult and old animals. A final advantage is that although the surgery induces some edema (although less edema occurs from denervation of synergists), both young adult and old animals recover quickly from surgery and ambulate and eat normally.
Disadvantages/Limitations. The initial acute adaptations to overload cannot be easily studied because the signaling associated with the hypertrophic response is mixed with the signaling associated with edema and repair from surgery. It should also be noted that the life expectancy and the age of onset of lesions of the different rat strains vary (Lipman et al., 1996) ; this might be an additional factor for different outcomes showing marked suppression of hypertrophy with aging (Blough and Linderman, 2000; and others showing little changes from responses in younger animals (Degens et al., 1993; Linderman and Blough, 2002) . While rodent compensatory models of hypertrophy have been particularly helpful for studying the influence of aging on muscle hypertrophy, differences among rodent strains complicate the interpretation of the data.
CHRONIC STRETCH
Stretch overload has been successfully adopted to induce hypertrophic adaptations in skeletal muscles of several animal species including birds (Alway, 1993 (Alway, , 1994b Alway et al., 1989b; 1990; 2003b; Bates, 1993; Carson and Alway, 1996; Carson and Booth, 1998; Carson et al., 1995a; Holly et al., 1980; Laurent et al., 1978; Lee and Alway, 1996; Roman and Alway, 1995; Sola et al., 1973) , rabbits (Cox et al., 2000; Goldspink et al., 1991; James et al., 1997; Yang et al., 1997) , and rats (Goldberg et al., 1975; Rosenblatt and Woods, 1992) . Muscle adaptations to stretch overload include muscle fibre hypertrophy, hyperplasia, increased longitu-dinal muscle and myofibre length, and/or improved contractile performance. Muscle hypertrophy is attributed to the mechanical component of stretch (i.e., passive stretch). This conclusion is based on data showing that the electromyographic (EMG) activity in muscle does not change with stretch (Holly et al., 1980) , and stretch-induced hypertrophy occurs independent of the neuromuscular activity or innervation in skeletal and hemidiaphragm muscles of chickens and rats (Feng and Lu, 1965; Gutmann et al., 1996; Sola et al., 1973; Sola and Martin, 1953; Stewart, 1968) .
In rabbits and rats, stretch overload has been achieved by limb casting or immobilization (Cox et al., 2000; Goldspink et al., 1991; James et al., 1997) . To stretch the dorsiflexors, the hindlimb is fixed in plantarflexion, and to stretch the plantarflexors, the hindlimb is fixed in dorsiflexion. In birds, a weight equal to 10-12% of the animal's body weight is typically attached to one wing and the muscles attached to the contralateral wing serve as an intra-animal control (Alway et al., 1990; 2003b; Carson and Alway, 1996; Carson and Booth, 1998; Laurent et al., 1978; Laurent and Sparrow, 1977; Ouyang and Alway, 2004; Sola et al., 1973 ). This unilateral model provides a distinct advantage over bilateral models because any systemic alteration (e.g., hormonal changes) due to the experimental manipulation is similar in control and stretch-overloaded muscles (Figure 3) .
Muscle mass increases approaching 200% have been reported in the slow contracting anterior latissimus dorsi (ALD) (Alway et al., 1989b; Carson et al., 1995a; Sola et al., 1973) and 40% in the fast patagialis (PAT) after 14 days of stretch (Alway, 2002; Alway et al., 2003b; Lee and Alway, 1996) . This difference may reflect the less direct mechanical stretch in the PAT vs. the ALD rather than the fibre type composition of the muscles, because stretch induces hypertrophy in Figure 3 . The stretch-overload model in Japanese quail. Hollow tube weight is attached to one wing while the contralateral wing serves as the intra-animal control. Both fast and slow contracting muscles are passively stretched. This model has been used to induce hypertrophy using both chronic and intermittent and progressive loading stretch protocols.
Tube weight applied to one wing both fast and slow myosin-containing-fibres (Alway et al., 1990; Carson et al., 1995a) and increases muscle fibre cross-sectional area in a variety of animal models (Alway and Starkweather, 1993; Alway et al., 1989b; 1990; Ashmore and Summers, 1981; Carson et al., 1995b; Cox et al., 2000) . In general, the contractile changes include an increase in the twitch half-relaxation time and a decrease in the maximal velocity of loaded (Vmax) and unloaded (Vo) shortening (Alway, 1994a (Alway, , 1994b (Alway, , 2002 and an increase in P o (Table 1) .
Unloading is readily accomplished in birds, so the stretch-overload model has been used to evaluate muscle remodeling with unloading-induced atrophy following stretch-induced hypertrophy. Muscle mass rapidly returns to the control muscle mass levels after removal of the stretch load (Alway et al., 2003b; , and changes in muscle characteristics, myosin expression, and transcription repressor to unloading following stretch-induced hypertrophy have been reported (Alway, 1991; Alway et al., 1995; 2003b) .
Several distinctive hypertrophic adaptations including increased muscle length (~20-30%) and new muscle fibre formation (50-60%) have been reported in stretch-hypertrophied muscles (Alway, 1994b; Alway et al., 1989b; 1990; Alway and Starkweather, 1993; Antonio and Gonyea, 1993a , 1993b , 1993c Ashmore and Summers, 1981; Carson and Alway, 1996; Carson et al., 1995a; Sola et al., 1973) . Such adaptations are less obvious or perhaps absent in other hypertrophy models including P RT in humans. However, these adaptations might occur in other hypertrophy models if the stimulus is large enough or long enough. This notion is supported by the observation that hyperplasia has been shown after prolonged or intense overloading in other animal models of hypertrophy (Giddings and Gonyea, 1992; Gonyea, 1980; Gonyea et al., 1986; Mikesky et al., 1991) and cross-sectional study in humans (Alway et al., 1989a; Sjostrom et al., 1991) .
Similar to other models of overload, stretch rapidly activates satellite cells (Carson and Alway, 1996; Lowe and Alway, 1999b; McCormick and Schultz, 1994; Winchester et al., 1991) . However, the fate of the satellite cells is both to increase the size of existing fibres (hypertrophy) and to induce new fibre formation (Alway et al., 1989b; 1990; Kennedy et al., 1988) . The molecular signaling responsible for stretch-induced hypertrophy has not been fully elucidated. It is known that increases in protein expression of serum response factor (SRF) occurs after 7 days of stretch overload in chicken ALD muscles (Fluck et al., 1999) . This transcription factor has a regulatory element in the skeletal α-actin promoter, and is required for the transduction of a hypertrophy signal in stretch-overloaded skeletal muscles . Furthermore, elevations of focal adhesion kinase (FAK) and paxillin proteins and of FAK autokinase activity to mechanical loading support the idea that they could be linked in a mechanochemical signaling pathway for enlargement of skeletal muscle in response to stretch. These changes may be partly responsible for initiating changes in MRF expression in response to stretch overload-induced activation of satellite cells (Carson and Booth, 1998; Lowe and Alway, 1999b; Lowe et al., 1998) .
Advantages. Stretch results in rapid and substantial increases in muscle mass. It is independent of the motivation of the animal, and the extent of stretchinduced hypertrophy does not depend on the animal's locomotion around the cage. The model is simple and requires only a small investment of time. Both fast and slow muscles hypertrophy from the stretch stimulus (Alway, 1994b (Alway, , 2002 Alway et al., 1989b; 1990; Gollnick et al., 1983; Lee and Alway, 1996) . Stretch overloading is a noninvasive, nonsurgical means for inducing hypertrophy. This implies that the experimental setup of stretch does not induce any severe inflammatory response (e.g., massive macrophage invasion, surgical trauma, or edema), which is typically provoked shortly following the open-surgical procedure of other overloading models (e.g., compensatory overloading by synergist ablation).
Stretch overload is a particularly valuable model for research questions directed to the early periods of hypertrophic adaptation. The model is unilateral, so the comparisons in the same animal reduce much of the inter-animal variability that is inherent to all animal models, even when using the same strain of animal. Since muscle hypertrophy induced by stretch has been shown to be independent of neuromuscular activity (Feng and Lu, 1965; Gutmann et al., 1966; Sola and Martin, 1953; Sola et al., 1973; Stewart, 1968) , it permits the investigation of neural-independent pathways (e.g., role of mechanoreceptors) in regulating hypertrophic adaptations to overload. Finally, while the magnitude of findings from stretch-overload may not be directly applicable to P RT , the direction and many of the genes that are regulated by stretch are likely the same as in P RT .
Disadvantages/Limitations. The magnitude of hypertrophic adaptations (e.g., muscle enlargement, increase in muscle length by longitudinal addition of sarcomeres, alteration of fibre composition) resulting from stretch overload is generally different from P RT in humans. Stretch increases the connective tissue content in hypertrophied muscles (Alway et al., 1989b; 1990) whereas it is hardly ever documented in human P RT (Alway et al., 1989a; MacDougall et al., 1984) . It is apparent that the stimulus of stretch provides a tremendous stress to muscle that is not normally present in human P RT . The use of young chickens and growing rodents or rabbits is slightly disadvantageous because they continue to grow throughout the experimental period. Therefore, stretch-induced changes in muscle mass must be subtracted from the background of normally growing muscles. By comparison, this is not a problem with the quail stretch model.
INTERMITTENT STRETCH
Most studies have used chronic stretch (i.e., stretch for 24 hrs/day) to induce muscle hypertrophy. This stimulus is clearly not the same as P RT in humans wherein the training stimulus for muscle hypertrophy occurs for several minutes two or three times weekly. Intermittent stretch in birds has been used to closely approximate the intermittent stimulation pattern of human P RT . Antonio and Gonyea (1993b) have reported significant hypertrophic responses by stretching quail wings for 24 hrs interspersed with 48 or 72 hrs of rest. Overall, the magnitude of hypertrophy from intermittent stretch exceeds that reported for chronic stretch (Table 1) . Intermittent stretch combined with progressive overload (10-35% of the bird's body weight) results in large increases in muscle mass, muscle length, muscle fibre area, and muscle fibre number (Antonio and Gonyea, 1993a) . There is evidence from chicken ALD muscles showing that ~30 minutes per day of a 5-week intermittent stretch was capable of inducing ~50% increase in muscle mass (Bates, 1993) . Taken together, these findings show that stretch is a powerful stimulator for muscle hypertrophy, but providing periods of rest between stretches induces the greatest adaptation, at least in avian muscle. The mechanisms regulating greater hypertrophic adaptations in intermittent vs. chronic stretch are not known and the effects of aging using intermittent stretch have not been studied.
Advantages. Intermittent stretch simulates P RT more closely than chronic stretch, and it produces more hypertrophy than any other type of overload. This increases the chances of identifying the underlying mechanisms responsible for these changes.
Disadvantages/Limitations. Intermittent stretch requires a greater time investment for the researcher than chronic stretch because the wing weight must be removed and reattached throughout the experimental period. The extent of hypertrophy is much greater than in other models, and therefore the direct applicability of all the adaptations to human P RT is not known.
Application of Stretch Overload to Research on Aging. Although the mass, plasticity, and function of muscle have been shown to diminish with aging, several pieces of evidence suggest that the muscle's hypertrophic response to functional overload is at least partially preserved in skeletal muscle from old animals (Alway et al., 2002a; Lee and Alway, 1996; Lowe and Alway, 1999a; Lowe et al., 1998) .
Stretch overload has been used to examine the role of aging in the responses of hypertrophic outcomes, functional performance, contractile properties, calciumactivated ATPase activity, satellite cell activation, myonuclei adaptation, myogenic regulatory factors, and c-Myc oncoprotein expression (Alway, 1994a (Alway, , 1997 (Alway, , 2002 Carson and Alway, 1996; Carson et al., 1995a; Lee and Alway, 1996; Lowe et al., 1998; Ouyang and Alway, 2004) .
In vivo, nitric oxide (NO)-dependent release of hepatocyte growth factor (HGF) activates satellite cells (Anderson and Wozniak, 2004; Tatsumi et al., 1998) . HGF is made by both muscle and nonmuscle cells and is localized in the extracellular matrix around the muscle fibres (Sheehan et al., 2000) . In culture, HGF binds to c-met, a tyrosine kinase receptor on satellite cells (Allen et al., 1965; Tatsumi et al., 1998) to induce proliferation and/or migration of satellite cells (Bischoff, 1997) . This occurs in a nitric oxide (NO)-dependent manner because inhibition of NO synthase prevents HGF release during activation by stretch in vitro (Anderson, 2000; Sheehan et al., 2000; Tatsumi et al., 1998) and also with in vivo models of stretch (Tidball et al., 1998 ). Aging appears to increase the period between the activation stimulus and proliferation of satellite cells (Tatsumi et al., 1998; YablonkaReuveni et al., 1999) . Even though satellite cells are activated by stretch or exercise with aging (Carson and Alway, 1996) , this alone does not prevent muscle atrophy. It is not known whether the NO-cmet signaling pathway is activated properly with aging and stretch. However, it is clear that MRF expression is attenuated with aging in models of stretch overload (Lowe et al., 1998) , and this might also help explain reduced satellite cell activation and/or differentiation in aging.
Recent data have shown that the loss of muscle with normal aging and muscle disuse may be linked to the activation of apoptotic pathways (Alway et al., 2002a; 2003a; Leeuwenburgh, 2002, 2004; Leeuwenburgh, 2003; Pollack et al., 2002; Pollack and Leeuwenburgh, 2001; Strasser et al., 2000) . Nevertheless, the significance of apoptosis and the associated cellular and molecular regulatory mechanisms in these processes are still largely unknown, and aging animal models of hypertrophy will be useful tools for helping us understand these processes.
We have used unloading-induced atrophy following stretch-induced hypertrophy in quail and have shown increases in indicators of apoptosis activation including caspase activities and increases in the number of poly(ADP-ribose) polymerase (PARP) immuno-positive nuclei with loading following hypertrophy in adult quails (Alway et al., 2003b) . Furthermore, an apoptosis related repressor protein, Inhibitor of Differentiation/DNA binding-2 (Id2), may be involved in the regulation of apoptosis-associated muscle atrophy during unloading following stretch-induced hypertrophy in young adult (Alway et al., 2003b) and aged quail PAT muscles . We have recently shown reduced pro-apoptotic gene levels in muscles from old animals unloaded for 14 days as compared to young adult animals . This is shown by greater relative mRNA and protein levels of Bcl-2, decreased protein levels of Bax, Id2, and decreased nuclear apoptosis-inducing factor (AIF) protein level in muscles of aged birds that were unloaded for 14 days as compared to young animals .
Although aging muscles may attempt to attenuate changes in pro-apoptotic genes during disuse, clearly this does not prevent muscle loss in aged animals. Id2 and p53 may also be involved in the apoptotic responses that are partly responsible for lower muscle hypertrophy in aging muscles . These findings suggest that apoptosis is involved in regulating muscle mass and may limit hypertrophy in muscles of old and young adult animals. Applications of modern molecular biology and gene therapy approaches have been initiated using stretch-overloaded bird muscles and seem to hold significant promise for manipulation of genes to improve hypertrophy and/or offset apoptosis with aging (Ouyang and Alway, 2004) .
Stretch-overload affects muscle contractile function by reducing the velocity of unloaded shortening (Vo) in PAT and ALD muscles from adult and aged birds, but Vo was lower and twitch duration was greater in muscles from aged birds compared to young birds (Alway, 1994a (Alway, , 2002 . Aging alters adaptive responses to stretch-induced hypertrophy because (a) Ca 2+ -ATPase is modulated in muscle myosin isoforms by both aging and overload but (b) overload reduced Ca 2+ -ATPase activity in only the fastest migrating isoform in the PAT of young adult birds whereas Ca 2+ -ATPase activity was attenuated in all three fast myosin isoforms of the PAT muscle in aged quail (Alway, 2002) . Similarly, other animal models have shown that overload-induced hypertrophy reduces Vo and muscle ATPase activity (Roy et al., 1991) .
Advantages. Stretch-overload in aged quail has been a particularly useful model because these birds are mature at 6 weeks of age and do not grow thereafter (Marks, 1996; Ottinger, 2001) . Furthermore, in quail, stretch-induced hypertrophy does not have to be subtracted from a normally growing control muscle, as is the case in many other species including aging rodents. Most rodents grow throughout their life (although some species like Fisher Brown Norway rats grow very slowly after reaching adult age) so old (larger rats) require greater absolute loads than younger (smaller) rats, if the same relative muscle loading is to be achieved. In quail, the same absolute and relative loads can be compared in adult and old birds. The magnitude of the hypertrophic response and the attenuation that is found with aging provides an excellent model for studying the age related mechanisms responsible for the differences in response between old and young animals.
Disadvantages/Limitations. Stretch, especially chronic stretch, does not closely simulate human P RT and the degree of hypertrophy exceeds what is normally reported in most other models of hypertrophy. Thus it is not clear that all the adaptations that occur during stretch-overload will be exactly the same as in human P RT .
Summary
No one animal model will fully duplicate all facets of P RT in adults or in the elderly; however, each model has made contributions to our fundamental understanding of how muscle adapts to loading. Several of these animal models of muscle hypertrophy have been designed to approximate some part of P RT in aged humans, including rodents (Alway et al., 2002a; Blough and Linderman, 2000; Tamaki et al., 2000; Walters et al., 1991) and birds (Alway et al., 2003b; Carson and Alway, 1996; Carson et al., 1995a; Lee and Alway, 1996; Lowe et al., 1998; Ouyang and Alway, 2004) . However, the degree of hypertrophy is generally attenuated in senescence as compared with young adults. Models that most closely simulate human P RT in terms of loading, exercise performance, and type are squats, plantarflexion, or wrist flexion exercises performed by operantly conditioned animals.
Studies on aging have not yet been conducted using the loaded walking model in ponies/horses. The hypertrophic and functional outcomes of conscious animal models are very similar to the types of adaptations we would expect to find in humans. Resistance training using electrical stimulation is involuntary, but this permits the researcher more precisely controlled loading experiments. It also permits the manipulation of training duty cycles and velocities of contraction more easily than other models of hypertrophy. The results obtained from electrical stimulation models are generally comparable to those obtained by P RT in animal models and humans. Rapid and large degrees of muscle hypertrophy are induced in compensatory overload and stretch models. The large hypertrophic response enhances the scientists' likelihood for identifying the underlying mechanisms that regulate muscle hypertrophy. This is particularly useful in models of aging, where the extent of muscle mass is much lower for the same stimulus as compared to young adult animals.
Although the mechanisms accounting for the lower muscle hypertrophy in aging have not been fully elucidated, data from animal models have begun to identify key pathways and proteins involved. For example, lower activation and/or differentiation of satellite cells in response to muscle loading has been implicated as a possible explanation for the lower extent of muscle hypertrophy in aged vs. young adult animals (Carson and Alway, 1996; Carson et al., 1995b; Lowe et al., 1998) , perhaps as a consequence of reduced MyoD and/or myogenin protein levels (Alway et al., 2002a; Lowe and Alway, 1999b; Tamaki et al., 2000) , growth factors such as IGF-I (Chakravarthy et al., 2000; Machida and Booth, 2004) , or nitric oxide (NO)-induced HGF release (Anderson and Wozniak, 2004) . Increased levels of myogenic regulatory factors have been shown to occur in loading-activated satellite cells (Adams et al., 1999) , and these may also be suppressed in response to loading and may account in part for impaired satellite cell activation and differentiation in muscles of old animals (Carson and Alway, 1996; Dedkov et al., 2003; Lowe and Alway, 1999b; Marsh et al., 1997) . Alternatively, impairments in integrin or other mechanical sensing elements in skeletal muscle (Carson and Wei, 2000) could potentially explain altered satellite cell activation with aging, but this possibility has not been fully explored.
Understanding the underlying mechanisms of muscle hypertrophy within the limitations of each of these animal models provides an opportunity to design new strategies for regulating the mechanisms responsible for muscle hypertrophy, optimizing P RT with the goal of improving functional outcomes in aged and young adults and delaying or reducing the effects of sarcopenia in the elderly.
